The ZnO nanorods have been grown on silicon substrates by a metalorganic chemical vapor deposition (MOCVD) process with/without Au catalytic layer. The growth behavior of ZnO nanorods changed with the catalytic layer. The presence of Au catalyst complicated the growth direction of ZnO nanorods in the MOCVD methods. The ZnO nanorods had single crystalline atomic structure and pure compositions without impurities and strong and narrow excitonic emission. We investigated the growth behavior of the ZnO nanostructures which are leading candidate for optical applications.
INTRODUCTION
Characterizing the mechanical properties of nanostructure is greatly important for their applications in electronics, optoelectronics, sensors, actuators. Especially, the zinc oxide is recognized as one of compound semiconductors, because it has a wide band gap of 3.37 eV at room temperature, a large free exciton binding energy (60 meV), and high mechanical and thermal stabilities. The ZnO nanostructures have been synthesized by various methods, such as vapor-liquid-solid (VLS), 1 thermal evaporation. 2 3 However, VLS and thermal evaporation process have need of high temperature and catalyst. The ZnO nanorods have been grown vertically without using any catalyst by metalorganic chemical vapor deposition (MOCVD). [4] [5] [6] [7] The MOCVD method grown relatively ZnO nanorods at low temperature, forming highly aligned ZnO nanorods in the vertical direction. The ZnO nanorods growth was mostly investigated on the non-silicon substrate such as sapphire, quartz, etc. 4 8 9 However silicon is important substrates for ZnO nanostructures fabrication that can be applied to electronic devices. Accordingly, we investigate that ZnO nanorods are grown on the silicon by MOCVD method. The control of the shape of ZnO nanorods still remains a considerable challenge. Many researchers studied the growth behavior of ZnO nanostructures which are a mechanism on catalytic and noncatalytic substrate. Wagner 10 suggested that the catalytic VLS growth of 1D semiconductor nanowires has been successfully explained * Authors to whom correspondence should be addressed.
without some exception to this rule. 11 In the VLS growth, impurities act as catalyst and size of catalytic particles control diameter of nanorods. And Kwon reported that the theoretical model explained the catalytic and noncatalytic growth of nanorods on substrates. 12 13 Yi used catalyst-free MOCVD for growing ZnO nanorods. 7 However MOCVD growth mechanism was not investigated. In this paper, we demonstrate the growth behavior of ZnO nanostructures which are grown on the Si(100) substrates with/without catalytic layer and we investigated the effects of growth condition on the structural and the optical properties of ZnO nanostructures. In our case, we suggest growth mechanism of ZnO nanorods on Si(100) substrates with/without Au catalytic layer.
EXPERIMENTAL DETAILS
The Si(100) substrates were firstly cleaned and then were etched in a dilute HF solution to remove any native oxide and to produce the hydrogen terminated surface, deposited with ∼20 nm Au films by the thermal evaporator. The ZnO nanostructures growth was carried out in a low pressure horizontal MOCVD reactor. Diethylzinc (DEZn) and O 2 were used as Zn metalorganic source and oxidizer, respectively, and N 2 was used as a carrier gas of the DEZn source. A nanostructures was fabricated at a substrate temperature in the range of 200∼600 C. The Mass flow controllers separately controlled the flow of nitrogen and oxygen gases and the flow rates were in the range of 20∼30 and 100∼300 sccm, respectively. Partial pressures of DEZn was maintained in the range of 50∼100 mTorr during MOCVD. The general morphology and crosssectional images of the as-grown nanostructures were observed using field emission scanning electron microscope (FESEM; JEOL, JSM 7000F). Detailed structural properties of the deposited products were characterized by transmission electron microscopy (TEM; JEOL, JEM-3010) equipped with selected area electron diffraction (SAED) patterns. Photoluminescence (PL; Thermo spectonic, AB-2) spectroscopy was used for their optical characterization at room temperature. Figure 1 shows the morphological and cross-sectional FESEM images of the ZnO films on Au coated/uncoated Si(100) substrates. The catalytic Au catalytic layer appeared to have certain effects on the film morphology that shown Figures 1(f-j) . On the whole, it can be seen that the crystallinity and the adhesion of the films were improved with increasing substrate temperature. When ZnO films were deposited on bare Si(100), ZnO films have been cracked under 300 C and the shapes of ZnO crystals were longish and plat-shaped crystals at 400, 500 C, respectively. ZnO nanorods were fabricated on bare Si(100) over 600 C. In the crystallinity, the morphologies of the deposited ZnO films on Au coated Si(100) substrates show a tendency to same. However, in comparison with the left images of deposited ZnO films on bare Si(100), the right images of deposited ZnO films on Au coated Si(100), we demonstrated right images were rough and aggregate composed of Au-Zn alloy with an average size of ∼200 nm less than 400 C. The ZnO crystal was unique because it had an enough thermal energy for anisotropic growth above 400 C. It also can be observed from the FESEM images at T s > 400 C, ZnO anisotropic crystal came out irrespective of surface structures of substrates. The ZnO nanorods were synthesized at 600 C but the shapes of these were different. Because, in the initial stages of growth, the formation of the nuclei according to surface structure affects the growth shape. The one-dimensional growth of nanorods on the nuclei, which was associated with the critical radius, began when the reactant dose is smaller than a certain value, which was determined by the thermodynamic size limit and the mass transport parameter. 12 In the metal catalyst assisted VLS mechanism, the thermodynamic analysis showed that the critical radius of semiconductor nanowires is determined by the surface and interfacial free energies of the metal nucleus, substrate and the semiconductor nanowires, along with the phase transformation free energy, assuming the initial diffusion length of the supersaturated gaseous semiconductor precursor. Figure 2 (a) shows that the ZnO nanorods have uniform diameter (∼120 nm) and shape, were grown at O 2 /DEZ ratio of 30. The tip of the ZnO nanorods were observed narrow shapes in the condition of Table I (b) with high precursor ratio. The saw-like ZnO nanostructures were uniformly grown at O 2 /DEZ ratio of 7 in the Figure 2(c) .
RESULTS AND DISCUSSION
Cross sectional image of N3 shows confirming the layerby-layer growth mode of the ZnO nanostructures. On the Au coated the Si(100) substrates, special nanostructures were discovered according to O 2 /DEZ ratio and catalytic layers, such as the flower-like nanostrucrues in the condition of Table I(d), the sword-like nano-structures in the condition of Table I (e) and the rough film in the condition of Table I(f). Figure 3 shows the TEM images of ZnO nanorods on bare Si(100) substrates. High resolution TEM (HRTEM) images were able to obtain the dispersed ZnO nanorods onto a holey carbon grid. In addition, the selected area electron diffraction (SAED) pattern, as shown in inset of Figure 3(a) , indicate that the columnar structure of the ZnO nanorods were grown along [0001] direction. Figure 3(b) shows the confirmation that the ZnO nanorods are single crystal and that the lattice spacing is approximately 5.2 Å along the c-axis, indicating again [0001] as the preferred growth direction for ZnO nanorods. In general, the ZnO is a polar semiconductor, with (0001) planes being Zn-terminated and (0001) being O-terminated. These two crystallographic planes have opposite polarity; hence have different surface relaxation energies, resulting in a high growth rate along the c-axis. 9 The optical properties of the ZnO nanostructures were investigated by the photoluminescence measurements using a Xe lamp with an excitation wavelength of 325 nm. The ZnO nanostructures grown at different precursor and 4 . Room-temperature photoluminescence spectra exhibiting a strong UV peak at about 3.3 eV, which can be assigned to free-exciton emission.
gas ratios showed nearly the same PL spectrum. Figure 4 shows the room-temperature PL spectra obtained from the ZnO nanostructures grown at various O 2 /DEZ ratios with/without catalytic layers. In spite of different shapes and alignments, these spectra show only a strong peak at ∼3.28 eV, which is attributed to the near band edge emission with a FWHM value in the range 80∼100 meV.
No noticeable peaks related to defect-related emissions, which generally originate from the presence of oxygen vacancies and other structural defects, are observed at around 2.1∼2.9 eV. These results suggest that the individual ZnO nano-structures are very high optical and singlecrystalline quality, which is consistent with the HRTEM result.
CONCLUSION
The ZnO nanostructures have been grown on the Si(100) substrates with/without Au catalytic layers using MOCVD. The shapes of the ZnO nanostructures were fabricated a different according to Au catalytic layers. To change the shapes of ZnO nanostructures, nuclei of nanostructures are formed depending on Au catalytic layer in initial growth step. We suggest the mechanism that the nucleation of Zn-Au alloy coincided with Zn sources themselves nucleation after initially forming ZnO interfacial layer. On the bare Si substrates, the well-aligned ZnO nanorods have a high crystallinity and density as well as a strong PL emission of ∼3.28 eV. On the other hand, ZnO nanostructures are grown on Si substrate with Au catalytic layers, have various forms such as flower-like nanostructures, sword-like nanostructures and rough film in various growth conditions. XRD and TEM data showthat ZnO nanostructures grow along c-axis and are single crystals with a little bulk property. PL measurements of the ZnO nanostructures excluding films show the near band-edge emission (∼3.3 eV) with a very weak deep level emission.
